Abstract. In the south-western region of Australia, allometric relationships between tree dimensional measurements and total tree biomass were developed for estimating carbon sequestered in native eucalypt woodlands. A total of 71 trees representing eight local native species from three genera were destructively sampled. Within this sample set, below ground measurements were included for 51 trees, enabling the development of allometric equations for total biomass applicable to small, medium, and large native trees. A diversity of tree dimensions were recorded and regressed against biomass, including stem diameter at 130 cm (DBH), stem diameter at ground level, stem diameter at 10 cm, stem diameter at 30 cm, total tree height, height of canopy break and mean canopy diameter. DBH was consistently highly correlated with above ground, below ground and total biomass. However, measurements of stem diameters at 0, 10 and 30 cm, and mean canopy diameter often displayed equivalent and at times greater correlation with tree biomass. Multi-species allometric equations were also developed, including 'Mallee growth form' and 'all-eucalypt' regressions. These equations were then applied to field inventory data collected from three locally dominant woodland types and eucalypt dominated environmental plantings to create robust relationships between biomass and stand basal area. This study contributes the predictive equations required to accurately quantify the carbon sequestered in native woodland ecosystems in the low rainfall region of south-western Australia.
Introduction
The recognised biodiversity hotspot of south-western Australia (Mittermeier et al. 2005) has suffered significant levels of biodiversity loss as a result of large-scale land clearing and the on-going pressure from fragmentation of native habitats (Hobbs 1998) . The removal of woody vegetation has also exacerbated the expansion of dryland salinity (Eberbach 2003) further endangering the conservation of biodiversity and associated ecological functions of the region (Cramer and Hobbs 2002) . The re-establishment of woody vegetation on cleared lands is widely recognised as an effective strategy for ameliorating these negative environmental impacts (Harper et al. 2007; Radford and Bennett 2007) . However, markets to fund large-scale conservation focussed on reforestation have been lacking.
The emerging market for carbon sequestration may provide a solution. Biosequestration through reforestation is widely recognised as an effective strategy for absorbing atmospheric carbon (IPCC 2003) . To date, however, most large-scale reforestation projects have relied on non-native plantation trees harvested for timber products (Conte and Kotchen 2010) often in higher rainfall areas, and generally providing limited benefits to native biodiversity. Such permanent land-use change fails to restore the highly depleted (historically cleared) forest and woodland ecosystems, and the structural and functional attributes they provide (Flynn et al. 2009; Munro et al. 2009 ). The international carbon markets were estimated in 2007 to be worth US$64 billion (Capoor and Ambrosi 2008) . This new market presents a significant opportunity to invest in the restoration of woodland ecosystems for both carbon sequestration, and the many additional services they provide (Bekessy and Wintle 2008; Freudenberger 2010) . A significant barrier to attracting investment in this carbon market is the absence of credible, consistent and cost efficient methods for quantifying the carbon sequestered in restored native woodlands. In contrast, the simplicity of commercial plantation systems, and a history of growth measurement methods for timber production, have resulted in robust and widely accepted techniques for calculating that approach to carbon biosequestration.
The primary aim of this research was to develop allometric equations to predict tree biomass from tree dimensional measurements in order to improve the estimation of carbon sequestered and stored in the low rainfall Eucalypt woodlands of south-western Australia. This research also included a collection of stand inventory measurements for use in estimating the carbon carrying capacity of native Eucalypt woodlands. Until now, there were few allometric equations for native 'non-timber' tree species located in low rainfall regions. This has delayed the accurate quantification of carbon carrying capacities for these woodland ecosystems and their potential to sequester carbon (Grierson et al. 2000; Berry et al. 2010) . This information gap has also contributed to the delay in investments in reforestation projects that seek to restore native woodland ecosystems for carbon sequestration. This in turn has delayed the restoration of many of the ecological services provided by native vegetation including provision of biodiverse habitats, reduction of soil erosion, filtration of water, and abatement of dryland salinity. Such reforestation projects could substantially benefit the highly cleared and fragmented agricultural zone prevalent in the southwestern region of Western Australia (Harper et al. 2007) , while also protecting and buffering the remnant ecosystems within this biodiversity hotspot (Hopper 2009 ).
Materials and methods
To address this gap in carbon accounting capability, a carbon research program was initiated in south-western Australia through Greening Australia, a not-for-profit organisation working to re-establish and manage native vegetation. A total of 71 trees were harvested across five sites, made up of eight species that commonly occur in this region. Trees sampled ranged from small (DBH = 2.3 cm, height = 2.5 m) to large (DBH = 79.0 cm, height = 20.1 m), and represented three different genera. Field inventory data was collected from 83 plots across 25 sites of remnant native woodland ecosystems and 10 sites of environmental reforestation plantings, equating to a total of 6719 trees measured. This research also quantified biomass allocation to various plant structures, above and below ground.
Study area
The entire dataset was collected within the Fitz-Stirling operational area of the Gondwana Link (http://www. gondwanalink.org, accessed 3 October 2011), a conservation initiative spanning~10 000 km 2 . Six sites were selected for destructive sampling of total biomass across a partially cleared agricultural landscape located between the Stirling Ranges and Fitzgerald River National Parks in the south-west of Western Australia, north-east of the regional centre of Albany, Australia. The sites were selected based on having the required species, range of tree sizes, and landholder permission for destructive sampling of some trees. The climate of the region is Mediterranean, with an average annual rainfall of~450 mm, 70% of which falls in the cooler months from April to October (Bureau of Meteorology 2010). The landscape hosts a diverse mix of vegetation types including tall closed Mallee (multistemmed eucalypts with swollen fire-resistant roots), mixed Mallee scrub, tall open woodland, and low closed forests. The soils of the region are old, highly weathered, and often nutrient poor. The patch-like distribution of these soils has given rise to a highly diverse flora with high levels of endemism (Hopper and Gioia 2004) .
Species selection
Native trees species were selected for total biomass sampling which most consistently occupied the upper-storey structural stratum within the three main local vegetation associations 'Mallee', 'Moort' and 'Yate' woodlands (Boland et al. 2006) . The species selected were also noted to occur in widely distributed populations with stand densities likely to make substantial contributions to the local carbon pool.
The following eight tree species were selected: Eucalyptus occidentalis, E. platypus subsp. platypus, E. annulata, E. captiosa, E. falcata, E. flocktoniae, Acacia saligna ('Tweed River' variant), and Allocasuarina huegeliana. These trees represent four different growth forms: a tall woodland form (E. occidentalis), a medium woodland form (A. saligna, and Al. huegeliana), a Mallee form (E. falcata, E. captiosa, E. flocktoniae, and E. annulata) and the marlock form (E. platypus). A marlock is a single-stemmed small tree with spreading branches that are densely leafy almost to the ground when growing in the open, yet forming a low closed canopy with little lateral branching when growing close together (Boland et al. 2006; Nicolle 2006) . The marlock growth form demonstrated by E. platypus, lacks a lignotuber, and is the defining characteristic of the Moort vegetation association. As the Mallee-type vegetation associations are widespread across southern regions of Australia, the selection of multiple species within this growth form aimed to test the efficacy of a multispecies ('generic') allometric relationship.
Tree selection and measured dimensions All trees destructively sampled followed the methods of Snowdon et al. (2002) . Trees were subjectively selected from remnant woodland stands of unknown age. All selected trees appeared to be unaffected by forestry management such as pruning or stand thinning, however some may have benefited from proximity to agricultural systems and access to adjacent fertilised cropping areas. Selected trees had no major missing branches, obvious canopy decline, or advanced epicormic re-sprouting. Sampling occurred across a diverse range of landscape positions and soil types. For each species, trees were selected to provide a wide range of sizes, using DBH as a guide (Fig. 1 ). This broad sample of trees aimed to provide allometric equations suitable for the diversity of trees sizes and locations in both newly established environmental plantings and mature woodland ecosystems in this region of southwestern Western Australia.
For each tree, dimensional variables for allometry (predictors) were recorded along with photos and GPS coordinates. Measured dimensions were: stem diameter at 130 cm (DBH), stem diameter at ground level (D 0 ), stem diameter at 10 cm above ground (D 10 ), stem diameter at 30 cm above ground (D 30 ), total tree height (H), height to canopy break (H C ), canopy width (C W ), and canopy length (C L ). C W was measured directly perpendicular to C L . All stem measurements were conducted over the bark.
For trees with more than one stem, the quadratic mean of all stem diameters was calculated to produce a single representative value (Snowdon et al. 2002) . For Mallee species, all stem measurements were taken in relation to the lignotuber surface, as opposed to ground level. Heights for all trees were measured using a clinometer, at a distance of 20 m from each individual. A diameter tape was used to record all stem diameter measurements. H C was measured from ground level to the base of the live crown. Canopy diameter (C D ) was the calculated average value of C W and C L .
The full suite of dimensional measurements was not always possible for every tree or across all species. For example the fluted buttress-like lower trunk of Al. huegeliana made the D 0 measurement impractical. In addition, some stem diameter measurements were not able to be recorded due to irregularities in woody growth such as unusual branching or burl formations. This difficulty in obtaining the full suite of measurements is reflected in the variable sample size for each allometric equation listed in the result tables and appendices.
For species sampled with a Mallee growth form, that have multiple stems originating from a common lignotuber, an alternative approach to developing allometric relationships for above ground biomass was used. As described above, a whole of tree allometric equation for total biomass was always developed using the quadratic mean of all stem diameters (Snowdon et al. 2002) . Results for these analyses are presented in Tables 1-6 . However, in Appendix 1, allometric equations for above ground biomass of species from the Mallee growth form were developed using individual stems, rather than the quadratic mean of all stems. This was done because during collection of field inventory data from Mallee woodlands, it can be difficult to determine whether a collection of stems comes from a single lignotuber (one tree) or from multiple lignotubers, particularly in old remnants. We suggest that use of individual stem allometrics will provide a more precise estimate of above ground biomass when measuring species with a Mallee growth form. The use of quadratic means of multiple stem measurements introduces unnecessary errors due to the problem of distinguishing between individual trees. This uncertainty is removed for the analysis of total biomass since each lignotuber is excavated and individual trees and their stems can be determined with certainty. Further, in the context of carbon accounting, biomass per tree is less important than total biomass per unit area.
Partitioning of tree biomass
Prior to felling each tree, all coarse woody debris at ground level below and around the sampled tree was removed. Brittle deadwood material was first collected from the tree by hand. Felling was then executed sequentially starting with the branching locations first, and then working down to ground level. Woody biomass was partitioned into different representative material categories. The allocation of fresh weight biomass into specific size and material categories varied both between and among species, but the categories of leaves plus green shoots, dead wood plus bark, and small-, medium-and large branch size classes were consistent across all trees and species measured.
Partitioning of fresh biomass into selected size classes aimed to aggregate materials of similar water content. For large trees, the number of different categories increased. For example, in the largest tree sampled (E. occidentalis, DBH = 79.0 cm), 14 fresh weight categories were used to appropriately stratify the above ground biomass materials into representative size classes. In contrast, small trees (DBH < 10.0 cm) had as few as three partitioned size classes when sampling above ground fresh biomass. This approach enabled subtle differences in fresh biomass water content to be measured from one material category to another, improving the accuracy of the fresh weight to dry weight ratios used to calculate total dry biomass.
For all trees sampled, locations of chainsaw cuts were guided by the natural branching patterns. Cuts were made immediately following branching nodes, helping to manage and segregate branch thickness categories, often expressed in differences in the extent of core hardwood versus sapwood and their associated water content.
Once above ground biomass materials were partitioned into representative size classes, the total fresh weight biomass was measured using a platform balance (AE0.05 kg for <25.0 kg, and AE0.25 kg for >25.0 kg). Immediately following this procedure, representative subsamples for each fresh weight size class was collected and weighed on a smaller compact balance (AE0.1 g up to 3000 g). All fresh weight subsamples were greater than 300 g in mass. The subsamples were collected as follows: two to three representative leaf plus shoot 'units' were taken and bulked to form a single subsample for this category. For branches and main stems, several cross-sectional discs (4-10 cm in length) were cut at both the centres and ends of the branches and main stem to include any difference in water content across each measured unit. All subsamples were then dried to constant weight in a fan-forced oven at 70 C.
Below ground excavation of roots
Below ground biomass was determined for 51 of the 71 trees sampled, including all of the species sampled for above ground biomass, with the exception of A. huegeliana. A mechanical excavator was used to remove all roots and soil located within a 1.5-m hemispherical radius from the centre of each tree base. This approach is likely to have underestimated the full extent of below ground biomass, as lateral roots were not pursued beyond the 1.5-m boundary. However, previous studies on below ground biomass for eucalypt trees have shown that up to 75% of coarse root material is located within a 1-m 2 area centred on the tree base (Resh et al. 2003) . Where earth moving equipment was not available or needed, root excavation within this zone was carried out manually.
Excavated root materials were sieved and sorted into five size categories including fine (<10 mm), medium (10-30 mm), and large (30-60 mm) roots. In addition, the large subsurface tree bole (termed 'root crown' for this study), and the larger roots still attached to the root crown following excavation (termed 'large tap and lateral roots') were also measured separately. In the case of the Mallee tree forms, the root crown was defined as the lignotuber, with all other root categories remaining consistent with the other tree forms.
A sieve with 20-mm aperture was used to separate the root material from the soil medium. The root materials were sorted by visual assessment and allocated into their appropriate size categories. All soil was removed from root materials manually using metal tools and wire brushes. Total fresh weight biomass of each size class was measured. Subsampling protocols for determining dry biomass were the same as those described for above ground biomass.
Allometric relationships between tree dimensions and biomass
All tree dimensions (predictors) were tested individually for both species-specific and generic regressions. As the data demonstrated a level of heteroscedasticity, all variates were transformed to their natural logarithm (ln).
The following models were used for this study:
Due to natural logarithmic transformation of the data, and a need to back transform the resulting biomass values into real terms, a bias correction factor was applied using the ratio method of Snowdon et al. (2002) . The correction factor is defined as the ratio of the arithmetic mean of the observed biomass values and the arithmetic mean of the back-transformed biomass predictions for a given regression. Once calculated for a regression, the bias correction factor was applied to all back-transformed values produced by the given regression to achieve a more accurate prediction of biomass.
For the transformed data, calculations of the error mean square (EMS), and the coefficient of determination of the transformed data (R 2 ) are reported. The EMS of the transformed data was calculated by dividing the sum of the squares (the difference between the observed and predicted values squared [(o -p) 2 ], by the number of samples (n). The R 2 value was calculated by subtracting the ratio of the sum of the squares and the sum of the mean squares (the squared value of the observed transformed biomass value minus the average of all observed transformed biomass values), from a value of 1 following standard statistical procedures (Freedman et al. 2007) .
For the back-transformed data, the coefficient of variation (CV), and the model efficiency (EF) values are reported. The CV is a percentage value calculated as the standard error divided by the mean of all observed biomass values. The standard error was calculated as the square root of the sum of the squares, divided by n subtracted by a value that represents the number of coefficients used in the regression. Consistent with the approach used in Paul et al. (2008) , the EF was calculated by subtracting the ratio of the sum of the squares and the mean square values of the back-transformed bias corrected data, from a value of 1. The mean square value is defined as the squared value of the observed (non-transformed) biomass value minus the average of all observed (non-transformed) biomass values. All statistical analyses for single variable regressions were undertaken in Microsoft Excel (2007), while multi-variate analyses were undertaken in GENSTAT version 8.1 (VSN International, Hemel Hempstead, UK).
Stand inventory data
Inventory data for estimating the tree stand carbon pool were collected from 35 sites across the local landscape sampling a mix of environmental plantings (reforestation) of known age (n = 10), and mature remnant stands of the dominant ecosystems types of the region: Yate woodland (n = 8), mixed Mallee woodland (n = 9), and Moort woodland (n = 8). Environmental plantings were typically established on farms with a mixture of regionally native eucalypts and acacias. These plantings were generally small (less than 10 ha), and positioned beside cleared agricultural lands in belts 4-5 tree rows in width. Trees growing on the outer rows adjacent to cultivated fields were excluded from measurement.
Plots were randomly positioned within tree stands of representative composition and densities. Plot size was on average 200 m 2 however this increased at times to ensure a minimum of 20 trees were measured per sample plot area. Tree diameter measurements were recorded for all trees within each plot.
Calculation of total stand biomass
Using the newly developed allometric equations, field inventory data was converted to biomass. Biomass values were then converted from kilograms to tonnes per plot, and then scaled up to per-hectare values. A regression between stand basal area (SBA) and total biomass per hectare was also determined following Burrows et al. (2000) and Burrows et al. (2002) .
Tree basal area (TBA, cm 2 ) was defined as:
The units used for the DBH values entered in the TBA equation are centimetres.
SBA (m 2 ha -1 ) was defined as:
SBA ¼ SðTBA of all trees in plotÞ ðplot area À1 Þ ð10 000Þ
The units for the plot area are m 2 , while the equation is then multiplied by 10 000 to convert unit area measurement of the output values to hectares.
Results

Single variate allometric equations for biomass
A variety of easily measured tree dimensions were found to be well correlated for above ground, below ground, and total biomass. Full lists of all relationships developed from this study are provided in Appendices A, B, and C. Allometric equations for total biomass were developed for seven of the eight species sampled. We were unable to sample below ground biomass for A. huegeliana. These relationships are presented in Fig. 2 , where each of the tree dimensions measured were regressed against total biomass for the sampled species. All stem diameter measurements were found to be highly correlated with total biomass, with the strongest relationships occurring using D 0 , D 30 , D 10 , and DBH. The C D was also highly correlated with total biomass. Height was not found to be well correlated for total biomass in this study. Table 1 reports the tree dimensional measurements that were highly correlated with total biomass for each individual tree species. Full results for total biomass analysis are provided in Appendix 2.
Predicting above and below ground biomass
Consistent with the findings for total biomass, a variety of easily measured tree dimensions were also found to be highly correlated with both above and below ground biomass (Appendices B and C). For estimating above and below ground biomass pools from a given stem measurement, DBH was found to have the most consistent correlation across all species analysed. For example, DBH was found to have the best correlation with above ground biomass for E. platypus (R 2 = 0. Relationships between a full suite of ln-transformed tree dimensional measurements and the observed ln-transformed total dry biomass (kg) for Eucalyptus platypus. Table 1 . Allometric equations A between total biomass (TB, kg) and a variety of independent variables (predictors) at the individual species level All tree dimensional units (P) are in centimetres, except for C D , which is reported in metres. EMS is the error mean square of the transformed data. Bias is the ratio method reported in Snowdon et al. (2000) . CV is the coefficient of variation reported for the back-transformed data. EF is a measure of the model efficiency (R 2 = 0.969). C D was generally well correlated with below ground biomass, and surprisingly provided the strongest correlation for both E. captiosa (R 2 = 0.963) and E. flocktoniae (R 2 = 0.992). In line with the results from above ground biomass, H was consistently the weakest correlate with below ground biomass.
Biomass partitioning
Biomass allocation between above and below ground biomass varied among the species (Fig. 3) . E. falcata, a Mallee form with a large ligno-tuber, had a greater proportion of below ground biomass than other species, ranging from 78% for smaller trees (DBH = 10.6 cm) to 34% for large trees (DBH = 30.1 cm). This was in contrast to the fast-growing A. saligna where relatively low quantities of below ground biomass were observed, ranging from 38% for small trees (DBH = 3.6 cm) to 9% for large trees (DBH = 39.8 cm).
The ratio of below ground biomass to above ground biomass (root : shoot ratio) generally decreased as the overall size of the individual increased (Fig. 4) . Smaller (younger) trees generally had a greater proportion of biomass below ground compared with larger (older) trees, which had increasing proportions of biomass above ground.
On average, approximately half (56%, s.e. AE 2.9) of total tree biomass (above and below ground) was found in live branches and main stems with the exception of A. saligna with~71% (s.e. AE 2.5) of total biomass as live branches and main stem (Table 2) . On average, only 17% (s.e. AE 1.3) of total biomass was found in leaves and shoots (fine green stems). Of particular interest is the fraction of total biomass with a high probability of being combusted during a wildfire event. This fraction was defined as the leaves and shoots plus bark and dead branches. This volatile fraction comprised on average 23% (s.e. AE 1.9) of total biomass across the seven species measured (Table 2) .
Multivariate allometric equations for biomass
Several multivariate analyses were run to test the merits of using more than one tree dimension in regressions to estimate biomass. To test their usefulness for species-specific allometric relationships, H and C D were added to DBH, and D 30 regressions for total biomass. Mixed results were shown across the species modelled following the inclusion of a second variate. In all cases, the improvement in precision for the biomass estimates using two variates was minor given the already strong predictive strength generated from the models based on a single variate. While the inclusion of (H) as a second variate was not found to be statistically significant, C D was shown to be a significant second predictor (F-prob. <0.001) to include with DBH or D 30 measurements (Tables 3 and 4) . 
Multi-species allometric equations
The relationship between DBH and total biomass was generally similar among all species (Fig. 5) , though species as a factor in the multivariate analysis was significant (F-prob. <0.001). This statistical analysis indicated that A. saligna had a significantly different relationship to the eucalypts (t prob. <0.001). However, no statistical differences among the eucalypts were detected (t prob. >0.05). Hence, a range of 'generic' equations for only the eucalypt genus were developed for total biomass in order to provide more generalised and broadly applicable allometric equations (Tables 5 and 6 ). The selected groups of generic relationships were defined as the 'Tall Mallee' growth form (E. annulata, E. captiosa, E. falcata, and E. flocktoniae) and the 'Eucalypts' generic set defined as all the 'Tall Mallee' species plus E. occidentalis and E. platypus. For these 'generic' relationships, each of the stem diameter measurements (DBH, D 0 , D 10 , and D 30 ) was highly correlated with total biomass (Table 5) .
Multivariate models were again developed to assess the merits of adding a second variate to these multi-species allometric equations. H and C D were again tested in Model 2 (see Sect. 2.2.4), coupled with DBH and D 30 . Consistent with the single species equations, the addition of H did not significantly improve the model (F prob. >0.1), whereas adding C D as a second variate did significantly improve the models (F prob. <0.001) ( Table 6 ).
Calculation of biomass for environmental plantings and mature remnant woodlands
A combination of species-specific and generic allometric equations, along with inventory data of stem diameters were used to develop a single relationship between total dry biomass and SBA combining the three main woodland ecosystem types (remnants) and environmental reforestation plantings (Fig. 6) . A single relationship is reported because 'vegetation type' was not a significant variate in the model (P = 0.29). It should be noted this relationship only included the tree component of the carbon pool, thus did not include any contributions made by shrubs, herbaceous materials, or coarse woody debris. The individual woodland type biomass (y) to SBA (x) relationships were: Table 3 . Species-specific ln-transformed allometric equations A for total biomass (TB, kg) and ln(DBH) and ln(C D ) EMS is the error mean square of the transformed data. Bias is the ratio method reported in Snowdon et al. (2000) . CV is the coefficient of variation reported for the back-transformed data. EF is a measure of the model efficiency Moort (y = 4.21x 1.19 , R 2 = 0.94), Mallee (y = 9.28x 0.96 , R 2 = 0.98), and Yate (y = 4.17x 1.23 , R 2 = 0.94), and for the environmental reforestation type plantings (y = 4.51x 1.25 , R 2 = 0.82).
Discussion
Choice of stem dimensional measures for field inventory
Through the analysis of a broad suite of easily measured tree dimensions, the equations developed in this study demonstrate that allometry is consistent when observed across several different locations on a tree. Within the literature, a broad range of different tree measurements have been reported, and this has been noted as an obstacle in the comparative analysis of independently published results Keith et al. 2000; Snowdon et al. 2000) . A full analysis of different tree dimensions, and their correlation to tree biomass, can help researchers and managers interpret and apply past and present works. The results demonstrate that stem diameter measurements from the ground level up to 1.3 m (DBH) generally have similar predictive utility, as long as tree bole development is not affected by fluting or other morphological irregularities. Forest inventory data has historically been collected manually from commercial plantations. DBH is a sensible stem measurement in terms of both worker ergonomics and the dominance of single stems in plantations. As investments in carbon abatement projects for non-timber environmental reforestation projects increase, new approaches to measurement are likely to be required. For example, most species from arid and semi arid zones do not have a single stem form and often have excessive branching at 1.3 m. In these situations, access to D 0 , D 10 , or D 30 allometric equations Table 6 . Generic 'Tall Mallee' and 'Eucalypt Genera' allometric equations for predicting total tree biomass (TB, kg) from two independent variables The model applied is: ln (TB) = a + bln(P 1 ) + cln(P 2 ), where P 1 , and P 2 are represented by the first and second predictor variables listed below. All abbreviations and species lists are consistent with previous Tables , R 2 = 0.94) for three dominant Eucalypt woodland ecosystems ('Yate' -E. occidentalis, 'Moort' -E. platypus, and 'Mallee' -mixed Mallee Eucalypt species) and eucalyptdominated environmental reforestation plantings measured in sites within the study area.
can reduce the number of measurements from many multiple stems per tree to just one. C D was another useful measurement for predicting total biomass. For trees with relatively uniform canopy form, C D was highly correlated with total tree biomass. Hence, remotely sensed measurement of C D (e.g. digital aerial photography) may have potential as a low cost and accurate method for carbon accounting across large areas. This is of particular interest for spatially heterogeneous environments where stand biomass can vary greatly due to relatively small-scale changes in soil properties (e.g. slope, texture and depth). We suggest future studies on biomass allometry include canopy diameter measurements linked to remotely sensed data to further explore this potential.
Tree height had the weakest correlation with biomass for trees sampled in this study. These findings are in contrast to published results from other regions and other tree types Keith et al. 2000; Wang 2006; Werner and Murphy 2001) . The utility of height as a predictor for biomass is likely to be associated with several environmental factors that govern tree stand growth responses, where natural cues such as shading due to high stocking densities result in competition for light and subsequent elongated growth. Relationship between crown geometry, shade tolerances, and height have been found to strongly correlate to tree biomass in mixed temperate hardwood forests from the south-east of the United States (Dietze et al. 2008) . Regional biophysical variables such as rainfall, soil depth, fire interval, and genetic disposition are likely to influence tree stand development, natural rates of senescence, and resulting stand height. For the low rainfall, and nutrient poor soils found in this region of southwest Western Australia, height was not found to be a strong predictor for biomass.
Generalised allometry
There are over 800 species of Eucalypts and nearly 1000 Acacias found across Australia. All have potential to be included in carbon sequestration plantings; however published allometric equations for estimating biomass are available for just a few of them. The development of species-specific allometric equations for every Eucalypt and Acacia species is both impractical and inefficient. Like some previously published studies Williams et al. 2005; Wang 2006; Berry et al. 2010) , we found that a generic or multi-species approach to estimating biomass is justified. The eight species used in the current study show a broadly consistent relationship between stem measurements and total biomass, even though these eight species were from three different genera and of markedly different growth forms. Consistent among the trees sampled for this study were the relatively uniform levels of high evaporation, low rainfall and nutrient-poor soils. Further research is needed to assess the influence of bioclimatic (e.g. regional) variation on the accuracy of generic (multi-species) allometric relationships across different tree species and variable growth forms.
The generic equations developed in this study are likely to have direct application to the measurement of carbon in low rainfall woodland ecosystems across the south-western region of Western Australia due to similar biophysical characteristics and dominant tree genera composition (Berry et al. 2010) . While much interest has been made about the capacity of monocultures of Mallee species to sequester carbon, no known data has been published which quantifies the carbon carrying capacity of such plantations. Likewise no known data has been published which quantifies the carbon carrying capacity of mixed Mallee eucalypt woodlands that include a diversity of species. The allometric relationships presented in this study between SBA and total biomass for Eucalypt woodlands, along with the predictive tools required to produce them, provide managers and researchers some capacity to do so. Our methodological approach is also recommended for application in other regions where the restoration of native woodland systems is desired.
Biomass partitioning
There are few studies that report on the total above and below ground biomass for trees within natural woodland systems. Most available literature on allometric equations has traditionally focussed on above ground biomass. As a consequence, managers and researchers have been required to use estimations of below ground biomass values when attempting to calculate total biomass values for a given site. Our results have shown that different species demonstrate different levels of above and below ground biomass partitioning depending on species form, age, and specific life cycle growth strategies. For example, the large woodland tree, E. occidentalis, is an obligate seeder, which is fast growing and long lived (Nicolle 2006) and allocates a large proportion of total biomass to above ground mass (Fig. 3) . In contrast, a species with quite a different life cycle and growth strategy is E. falcata, a long-lived slower-growing Mallee, which readily regenerates from its lignotuber following fire. Given its strategy of resprouting following disturbance, a Mallee tree requires significant investment in below ground biomass for storage of regenerative resources. The third species highlighted in Fig. 3 is A. saligna, a short-lived, fast-growing medium-sized woodland tree that is an obligate seeder often killed by fire. Given its smaller size and limited longevity, the apparent growth strategy for this species is to invest large resources into above ground biomass.
The different growth strategies demonstrated by the three species highlighted in Fig. 3 , and their observed differences in biomass partitioning, illustrate how differences in carbon pool accumulation and storage in mixed woodland ecosystems occurs. We suggest that a diversity of tree species with varying life cycles and growth strategies should be included in carbon sequestration plantings, especially in climatically variable environments prone to droughts and wildfires. Previous assumptions that monocultures consistently sequester more carbon than diverse systems have been shown to be incorrect in both Australia rainforest systems (Kanowski and Catterall 2010) and Mediterranean forests (Vila et al. 2007) . The inclusion of fast-growing species like A. saligna can provide initial and rapid sequestration of carbon for a site, as well as provide nitrogen fixation. However in the region, Acacias are relatively short lived (10-40 years) and therefore lack the capacity to make long-term contributions to the local carbon pool. Through the inclusion of long-lived Eucalypt tree species such as Mallees, large proportions of biomass are stored below ground, minimising the risk of carbon loss following stochastic events like a high intensity wildfire. This strategy of using a diversity of functionally different trees for long-term biosequestration has been implemented by Greening Australia in south-western Western Australia (Jonson 2010) .
We also argue that the perceived threat of fire to terrestrial biosequestration projects in the fire-prone ecosystems such as Australia may not be as great as considered. Through the use of locally adapted species, the potential 'volatile' component of tree biomass is relatively small. Based on our biomass partitioning results (Table 4) , we predict that less than 25% of total biomass is likely to be lost during a hot fire. A large proportion of biomass will remain post-fire stored in the large branches, stems and roots. Given the investment in biosequestration projects to offset greenhouse gas emissions globally, additional research to quantify the specific changes to carbon pools following wildfire events is clearly needed across a full spectrum of woodland ecosystems worldwide.
Carbon-funded restoration
Our study fills a knowledge gap for accurately estimating the carbon sequestration capacity of native woodland ecosystems for the low rainfall region of south-western Australia. Our research greatly improves the capacity to develop regional-based growth models that accurately estimate carbon sequestration and storage in native woodlands. This has been identified as a key area in need of further development (Barrett et al. 2001; Dean et al. 2004; Richards and Brack 2004) .
Ecologically focussed restoration of marginal agricultural landscapes in Australia and other continents have the potential to sequester substantial quantities of atmospheric carbon, while also ameliorating land degradation and biodiversity loss (Freudenberger 2010) . With an estimated area of 11.6 M ha of Mallee woodlands cleared for agriculture, and 7.6 M ha of eucalypt open woodlands cleared in Western Australia alone (Cofinas and Creighton 2001) , there is great scope for their restoration. In order to attract carbon investments and capture the environmental benefits achievable through large-scale ecological restoration of cleared lands, certainty in both yield forecasting and on-going carbon accounting is required. Central to this process is the development of robust measurement tools for the accurate calculation of carbon sequestered in species diverse plantings. The approach used in this study provides a comprehensive example of how new allometric equations can be developed using a diversity of tree measurements. These equations are important tools for estimating carbon sequestered in a diversity of native woodland trees. Already, these tools are being used to quantify carbon yield and successfully attract investment in the restoration of native woodland ecosystems in southern Australia (Berry et al. 2010; Jonson 2010 
